We present results from a high-resolution seismic refraction analysis of the shallow (approximately 2 km) crustal structure along the 107-km-Iong Trans-Alaska Crustal Transect Chugach reflection line in southern Alaska and a comparison with laboratory measurements of field samples. The refraction analysis includes the two-dimensional interpretation of several thousand first-and secondary-arrival travel times digitized from 1024-channel split-spread common shot gathers. The velocity model derived from this analysis better defines the location and geometry of terrane boundaries than does the normal incidence reflection section and agrees well with surface mapping of lithologies. Furthermore, the model predicts travel times within 100 ms of the reflection times recorded from the base of the Quaternary on the Chugach reflection section. Thicknesses of Quaternary deposits, with velocities between 1.1 and 2.0 km/s, correlate inversely with the quantity of observed lower crustal reflections on the Chugach section, suggesting that the presence or absence of these sediments in sufficient thickness exerted primary control on the quality of the deeper portion of the section. There is a significant velocity contrast between crystalline rocks across the Border Ranges fault (5.0 versus 5.6 km/s), the major contact between the Chugach and Peninsular terranes, in agreement with laboratory measurements of field specimens. In the Peninsular terrane the modeling indicates that an unnamed fault delimiting the southern flank of the Copper River Basin dips steeply northward at 50°and has about 1300 m of vertical offset. Laboratory measurements document a maximum velocity anisotropy of 200;;, for phyllitic schists of the Valdez Group in the Chugach terrane. In agreement with the observed E-W strike and near-vertical dip of the Valdez Group, we determined a significant (14%) velocity anisotropy for ray paths oriented N-S versus NE-SW.
INTRODUCTION

Recent innovations
in seismic data acquisition and in data processing and interpretation have blurred the formerly rigid distinctions between reflection and refraction profiling of the continental lithosphere. For example, the recording of densely sampled wave fields to ranges of 10 km and more during "reflection" experiments allows the precise definition of the velocity-depth structure of the upper 1-2 km of the crust. The analysis of refracted first arrivals recorded during reflection profiling has been used to examine the structure of the upper crust in the Rio Grande rift [Jurdy and Bracher, 1980; Bracher, 198Ia] , the Canadian cordillera on Vancouver Island [Mayrand et al., 1987] , and Death Valley, California [Geist and Bracher, 1987] . These studies allow better understanding of reflection events observed from the middle and lower continental crust [Bracher, 1981 b; de Vaagd et aI., 1986] .
In February 1986 the U.S. Geological Survey (USGS) acquired 107 km of deep crustal seismic reflection data along a N-S trending profile which followed the Richardson Highway in south central Alaska. These data were collected in support of the Trans-Alaska Crustal Transect (TACT), a comprehensive geological and geophysical study of the crust within a corridor across Alaska [Page et al., 1986] . In this paper we discuss the Chugach reflection line, which traversed northward across geological strike from the center of the Chugach Mountains into the Copper River Basin across a major fault boundCopyright 1989 by the American Geophysical Union.
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ing tectonostratigraphic terranes ( Figure  I ). This terrane boundary, the Border Ranges fault, is the main structural boundary between the Chugach terrane, south of the fault, and the Peninsular terrane, north of the fault [Janes et al., 1984] .
Recent hypotheses concerning the evolution of the continental crust of the Alaskan Cordillera and elsewhere emphasize the role of accretion of tectonostratigraphic terranes [Coney et al., 1980; Howell et al., 1985] . The main objective of the 1986 seismic reflection survey was to delineate the crustal structure beneath major terrane boundaries. Inasmuch as stacked sections of the deep seismic reflection data to date provide little new information on the Border Ranges fault itself, we examined the first arrivals on common shot gathers to obtain a high-resolution velocity structure of the shallow crust across this fault system.
In this report we present a high-resolution velocity model along the Chugach seismic reflection line and interpret the model geologically. The interpretation is based on the correlation of refraction velocities with rock velocities measured in the laboratory and with rock exposures. We relate aspects of the wave propagation exhibited by shallow guided waves to the quality of the deep crustal seismic reflection data. The high-resolution model is compared to a similar model derived from regional refraction data along the same line. The interpretation is further constrained by comparing the normal incidence reflection and refraction images of the shallow crust. Finally, the irregular geometry of the reflection line and the long recording array used to acquire the reflection section also allow us to test the hypothesis that a measureable velocity anisotropy exists within the Chugach terrane. Fig. 2 . Examples of common shot gathers used for the travel time analysis. Source-receiver ranges were calculated using the surveyor's locations for the geophone stations. As described in the text, the travel times have been linearly reduced using a velocity of 6 km/s, and the amplitudes have been corrected for geometrical spreading according to the square root of range. Numbers on the gathers indicate the locations of the vibrator point in kilometers along the Chugach reflection line (Figure 1 ). Large-amplitude guided waves can be observed as a tight cone nearest the source. into compact point rather than linear distributed arrays; low-velocity arrivals therefore were not degraded by the recording array. Sources were spaced at 120-m intervals along the line.
We plotted common shot gathers after correction for shotgeophone range, using the surveyed geophone and source 10-cations. These ranges are accurate to within a meter. The amplitude of each trace was corrected for geometrical spreading by multiplying by the square root of the range. No other processing was performed on the gathers. Typical common shot gathers from along the Chugach line are shown in Figure  2 .
Over 6800 travel times of first arrivals were digitized from common shot gathers along the line (Figure 3 ). Gathers were digitized for source points separated by approximately 3 km, which provided six to eight reversed measurements of the travel time beneath every surface location. Because the data were acquired with a correlated Vibroseis source, we chose the arrival time to be the time of the first amplitude maximum. Timing errors inherent in the recording instrumentation are considered negligible at I ms. Travel times were digitized from paper sections plotted at a scale of 22.17 cm/s; at this scale, one half the predominate period of the refracted energy is 0.5 cm. Since digitizing errors are less than one half a cycle, errors in digitizing travel times are estimated to be less than 25 ms.
The nonlinear geometry of the reflection line results in three-dimensional ray paths. Our two-dimensional ray theory algorithm required the approximation of the crooked reflec- tion line to a linear transect. Instead of projecting the crooked reflection line onto the mean azimuth of the line, as is normally done in refraction studies, the two-dimensional approximation was achieved by straightening the reflection line by pulling the ends of the line taut. Specifically, this straightening was performed by calculating the location of each shot gather along the velocity depth model using the station number of the source and the nominal 30-m station spacing. In a similar manner, surveyed elevations accurate to within I m along the profile were incorporated into the velocity-depth model using the station number as an estimate of the range along the model. The advantage of this approach is that the resulting velocity model is easily correlated to the seismic reflection section itself. The accuracy of this approximation was checked by examining the surface consistency of the travel time curves plotted along the line as in Figure 3 . As expected, the approximation was in greatest error where the reflection line is most crooked, near km 28 ( Figure I ). Errors of a few hundred meters in these shot and elevation locations within the model near nonlinear portions of the reflection line probably explain some of the minor misfits of the calculated travel times with the observed travel times.
Although the high spatial density of observations makes this data set ideal for automatic one-and two-dimensional interpretive methods based on slant stacking [e.g., Bracher, 1981a; Milkereit et al., 1985] , the strongly two-dimensional structure limits the usefulness of these techniques. Time term (delay time) methods of analysis were also considered but were not applied owing to the significant variation in basement velocity along the line. In order to perform the least amount of processing of the data we chose to forward model the observed travel times with a two-dimensional velocity-depth structure using computer algorithms described by Cerveny et al. [1977] and Hill et al. [1985] .
Initial velocity models were derived using two independent algorithms based on the observation that, very roughly, the arrivals could be characterized as originating from a 2.0 km/s layer over a 6.0 km/s half-space. In the first algorithm, intercept times of the arrivals having velocities close to 6 km/s were used to define the base of the 2 km/s surficial layer. In the second algorithm, two-way travel time picks of the base of the 2 km/s layer made from the stacked Chugach reflection section were converted to depth. Although the second algorithm provided an initial model yielding smaller travel time residuals than did the first algorithm, even that model required extensive revision before it provided an adequate match to the observed refracted first-arrival times.
During modeling, observed first-arrival travel times can be matched by varying either layer thickness or velocity or by varying both. For the uppermost layer of the model it was
necessary to vary the layer velocity as well as the layer thickness in order to match the observed first arrivals. For the deeper layers it was possible to obtain agreement between the observed and calculated travel times by varying primarily the layer thicknesses rather than the velocity within layers. As discussed by many previous authors [e.g., Hill et al., 1985J , the uniqueness and resolution associated with the twodimensional velocity-depth models which result from this forward, nonlinear modeling procedure are extraordinarily difficult to quantify. This is particularly true if the parameterization of the model has been too restrictive. Lacking orthogonally oriented profiles, for example, it is impossible to estimate the degree to which the two-dimensional models have been contaminated by out-of-the-plane propagation of seismic energy.
From trial and error perturbations in model parameters we believe that, on average, P wave velocities are resolved to within 5'Yo and the depths to boundaries are resolved to within 10°/". Given a sweep frequency content between 10 and 30 Hz, the shortest observable wavelengths in the near-surface layers having velocities of 2.0 km/s are 0.066 km and would increase to 0.2 km in rocks having P wave velocities of 6.0 km/s. If this is coupled with the average sensor spacing of 0.03 km, we may resolve, under optimal conditions, the position of lateral and vertical changes in near-surface structure to within several tens of meters. The position of lateral and vertical changes in structure at greater depths is probably resolved to within a few hundred meters. Figure 4 , showing ray paths through the velocity-depth model, indicates that the resolution of the procedure differs along the model depending on the information density along the profile. Figure 4 illustrates that, on average, only the upper 1.5 km of the structure is sampled by ray paths, that the deeper structure immediately beneath a source point is not sampled by rays from that source, and that both ends of the profile lack reversed coverage, degrading the resolution of the procedure.
The uniqueness of the resulting velocity-depth model depends most importantly on the particular choices of phase correlation between arrivals and the choice of ray path and refracting horizon used to model these arrivals. To minimize the ambiguities associated with these choices, we analyzed common shot gathers separated by sufficiently small intervals, about 3 km, that the phase correlations could be interpolated from one source point to the next. Furthermore, the resulting velocity-depth model was required to compare favorably to the Chugach normal incidence reflection section itself. To compare the refraction model to the seismic reflection section, we calculated synthetic, normal incidence reflection times from the two-dimensional velocity-depth model.
SURFACE GEOLOGY
The following discussion of the near-surface geology along the Chugach seismic line is abstracted from descriptions of the outcrop geology near the study region presented by Nichols and Yehle [1969J, Winkler et al. [198IJ, Winkler and Plajker [198IJ, Jones et al. [1984J, Plafker et al. [1985 . From south to north the Chugach line traverses the Chugach and the Peninsular terranes, which are in fault contact across the Border Ranges fault system ( Figure I ).
The Chugach terrane near the transect consists of a northward succession of three sequences:
the Valdez Group, the [Burns, 1982 [Burns, , 1985 . The predominantly andesitic flows and volcaniclastic rocks in the lower part of this formation are overlain by sedimentary rocks and tuffs [Winkler et al., 1981; Burns et al., 1983] . The Talkeetna Formation is at least 2 km thick, is extensively faulted, and, in places, is broadly folded [Winkler et al., 1981; Plajker et al., A variety of unconsolidated Quaternary deposits are located along the Chugach reflection line. In the southern third of the line. glacial, alluvial, and minor fan deposits predominate. whereas in the northern two thirds of the line, glaciolacustrine sediments predominate with minor exposures of alluvium, slope deposits. and moraine sediments [Nichols and Yehle, 1969] . 
THE REFRACTION MODEL
Quaternary Deposits
The velocity-depth model inferred from the iterative forward modeling of reversed and overlapping travel times indicates that a layer, generally less than 500 m thick and having velocities between I. I and 2. I km/s, is continuous along the entire Chugach reflection line ( Figure 5 ). Because these velocities correlate to those expected for the Quaternary deposits described above (Table I) , we infer that this layer corresponds to Quaternary sediments. The discontinuous, thin (100 m thick), and low-velocity (I.I -1.3 km/s) uppermost layer is an unusual but wellconstrained feature of the model. Due to the deployment of the reflection geophone groups as point, rather than linear, arrays, the arrivals traveling at velocities as low as 1.1-1.3 km/s were not attenuated by the geophone groups. Arrivals from this layer are observed as direct waves, allowing the velocity of the layer to be determined without ambiguity. The lateral distribution of the layer is known chiefly by observation of the arrivals from the layer using source points distributed at 1-to 3-km intervals. Figure 5 A correlation between the mapped Quaternary deposits along the Chugach reflection line and the velocity and thickness of the uppermost layers in the refraction model is presented in Figure 5 . The fan and alluvial sediments lying between Stuart (km 0) and Boulder (km 8) creeks thin northward, toward the Chugach Mountains.
From km 8 to km 30 the thin layer of alluvium is confined to a narrow (200 m wide) belt of sediments in a V-shaped glacial valley [Nichols and Yehle, 1969; G. Plafker et aI., unpublished data, 1987] . From km 30 to km 58, lacustrine clays lie along most of the reflection line in a more extensive 2-km-wide belt which is roughly defined by the 656-m contour on topographic maps and may explain the thickening of the 2.0 km/s layer in this region. Between km 58 and 61, moraine deposits outcrop and may underlie thin glaciolacustrine deposits between km 55 and 58 and between km 61 and 63. From km 63 to km 85, glaciolacustrine deposits within a broad basin underlie most of the reflection profile [Nichols and Yehle, 1969] . Coarse-grained fluvial deposits are exposed from km 85 to the northern end of the seismic line. These deposits probably account for an in- creased scatter of travel times noted in the Copper River Basin.
To investigate the influence of the surficial low-velocity layer on the quality of upper crustal reflections, we examined, as a function of shot location, the propagation of seismic wave energy guided within the 2.0 km/s layer. These arrivals, when present, normally consist of a series of multiple reflections and multiply reflected refractions whose velocities are asymptotic to that of the direct wave from the 2.0 km/s layer. The arrivals are not strongly dispersed and typically have frequencies of 12-17 Hz, corresponding to wavelengths of 120-170 m. We found significant variations in the efficiency of the generation and propagation of guided wave energy along the Chugach reflection line. Shot gathers selected at I-km intervals show that these variations directly correlate with fluctuations in the thickness of the 2.0 km/s layer ( Figure 6 ). Between km 0 and km 30 the guided waves are absent, whereas between km 30 and km 60 they have large amplitudes.
For instance, at km 20.88, where the 2.0 km/s layer is about 100 m thick, there is essentially no guided wave energy. At km 43.92, where the 2.0 km/s layer is more than 400 m thick and is underlain by 5.6 km/s material, a strong set of guided wave arrivals is evident. The latter arrivals appear to be similar to the dispersed acoustic wave arrivals observed during the propagation of sound in shallow water. This observation suggests that techniques for investigating the acoustical properties of shallow water environments could be applied to the near-surface structure along the Chugach reflection profile [e.g., Brocher and Ewing, 1986] . In particular, the group and phase velocity dispersion curves of these arrivals could be inverted to place constraints on the velocity gradients within, and the thickness of, the 2.0 km/s layer.
The correlation between the thickness of the 2.0 km/s layer and the efficiency of guided wave energy propagation suggests at least two more mechanisms for explaining the poorer quality areas of the deep crustal reflection profile. The first and preferred explanation is that degradation of the reflection data by large-amplitude guided wave energy during stacking may have lowered the quality of the reflections in the upper 4 s of the crust. Processing of the reflection data to date has not included the filtering or muting of the high-amplitude guided waves and has relied upon the stacking process itself to reduce this energy. The second explanation is that regions of the line
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C\J having thicker 2.0 km/s layers correspond to those having efficient guided wave energy. Thus more seismic energy is reflected at the base of this layer than where the layer is thinner, allowing less energy to be transmitted through the layer to deeper horizons.
The Deeper Structure
In this section we describe important features of the lower portion of the velocity-depth model inferred from the forward modeling. As previously described, the travel time data generally permit the resolution of refraction velocities to depths of about 1.5 km below the surface, although in the Copper River Basin, subsurface depths as large as 2.0 km were sampled.
The most pronounced feature of the velocity-depth model shown in Figure 7 is the steeply north dipping boundary at the southern end of the Copper River Basin, at km 73.5, well north of the Border Ranges fault system. Modeling of the dip of this boundary indicates that the best match to the observed travel times is obtained when the dip is close to 50", although northward dips as low as 39' and as high as 68°produce less accurate but reasonable matches. In agreement with the regional refraction results reported by G. S. Fuis et al. (Crustal structure of the Chugach, Peninsular, and Wrangellia terranes, southern Alaska, submitted to Journal of Geophysical Research, 1988 Research, , hereinafter referred to as submitted manuscript, 1988 ) the boundary at the southern end of the Copper River Basin represents the largest change in near-surface velocity structure along the entire Chugach reflection line. South of the boundary, there is only a thin veneer of inferred sediments having velocities less than 5.0 km/s. North of the boundary the thickness of material having velocities less than 5.0 km/s increases to 2 km. Significant differences in wave propagation north and south of this boundary are illustrated in Figure 8 , which shows a common shot gather from a source located directly over the boundary.
Owing to the significant differences in the velocity model north and south of this boundary, we discuss these regions separately in the following discussion of the model.
Velocity Structure South ()[ the Copper River Basin
South of the Border Ranges fault a layer having velocities of 5.0-5.6 km/s lies intermittently beneath the inferred Quaternary deposits (Figure 7) . The 5.0-5.6 km/s layer is thickest in the Valdez Group where phase velocities of 5.0-5.2 km/s are observed in first-arrival times (Figures 2-3 ). This layer is also present near km 65.9, where phase velocities of 5.1-5.3 km/s are observed in the first arrivals for source-receiver ranges of 2-3 km (Figure 3 ). Although this intermediate-velocity layer was unresolved from the observed travel times for ranges between 42 and 59 km, where the Border Ranges ultramaficmafic rocks are projected to occur, trial and error modeling indicated that the layer may be present but undetected if it is less than 100 m thick.
Low-amplitude but spatially coherent refracted shear wave arrivals are observed on several common shot gathers acquired within the Valdez Group. Shear wave velocities for five reversed gathers located between km 13.2 and 24.78 are approximately 3.3 km/s. This shear wave velocity would be appropriate, assuming a Poisson's ratio of 0.25, for the 5.0-5.6 km/s layer in the Valdez Group.
For the model south of the Copper River Basin the halfspace underlying the 2.0 km/s and 5.0-5.6 km/s layers has a velocity gradient of approximately 0.3 km/s/km, which is sufficient to allow the rays to bottom and refract upward back to the surface. Although we used a few trial velocity gradients when modeling this half-space, no particular significance should be attached to the magnitude of the velocity gradient assigned to the half-space.
Velocity Structure Within the Copper River Basin
The velocity-depth model for the Copper River Basin indicates structural complexity within the basin (Figure 7) . Be tween km 73.5 and 89 the observed travel times have been modeled using a layer of 1.7-2.7 km/s material ranging in thickness from 250 to 375 m. An abrupt offset in the base of this model layer correlates in location with an offset in the -I base of the 1.1-1.3 km/s layer, suggesting that the thicknesses of both the 1.2 and 1.7-2.7 km/s layers are fault controlled. Alternatively, the apparent offset in the base of the 1.7-2.7 km/s layer could be explained by further thickening the 1.2 km/s layer, suggesting that only the thickness of the uppermost layer is fault controlled.
The layer beneath this 1.7-2.7 km/s layer has velocities between 3.5 and 4.4 km/s and is nearly 2 km thick. The lower layer is best constrained in the model range interval km 73.6 to 88.6 within the Copper River Basin, where the overlying 1.7-2.7 km/s layer is relatively thin. The minimum thickness of the 3.5-4.4 km/s layer is constrained by the requirement that calculated wide-angle reflections from the base of the layer cannot precede the observed first arrivals. The maximum depth to the base of this layer, however, is poorly constrained by first-arrival data.
North of km 89, within the floodplain of the Copper River, the observed travel times reveal no evidence for seismic velocities in the second layer less than 2.3 km/s. Indeed, the observed travel times are best explained by a large linear velocity gradient within this layer between velocities of 2.3 and 3.2 km/s. Near km 97 the 2.3-3.2 km/s layer is about 1.8 km thick, and in this location the geometry of the layer resembles a V-shaped basin. At the northern end of the Chugach reflection line the lack of reversed refraction coverage does not allow the precise definition of the base of this layer with confidence. The lowermost layer has a seismic velocity of 3.5--4.4 km/s. Highway using a pulse transmission technique described in detail by Christensen [1985] . Velocities were obtained for three mutually perpendicular directions from each rock type. Bulk densities and velocities averaged over the three directions are presented in Table 2 for several o Range, km Fig. 8 . Common shot gather with the vibrator point at km 73.7, directly over the major velocity boundary at km 73.5. As for Figure 2 , the travel times for this gather have been linearly reduced using a velocity of 6.0 km/s. Note that asymmetry in propagation north and south of the source. 
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major lithologies underlying the seismic traverse. In the following discussion, the laboratory measurements are compared with our velocity models for the Chugach and Peninsular terranes.
South of the Border Ranges fault, basement rocks underlying the 2.0 km/s layer have velocities of 5.0-5.6 km/s ( Figure  7 ). The major exposed lithologies are phyllite, metagraywacke, and minor (less than 10(10) metatuff. Compressional wave velocities of phyllite from the Valdez Group measured in the laboratory at low pressure and room temperature average 5.1 km/s. Similarly, a sample of Valdez Group metagraywacke has a mean compressional wave velocity of 5.7 km/s ( Table 2 ). The metatuff is significantly faster, with compressional wave velocities averaging 6.3 km/s. Laboratory measurements of the shear wave velocities of these rocks ranged from 3.0 to 3.6 km/s (Table 2) . Thus the refraction velocities determined for this layer are consistent with the predominant lithologies within the Valdez Group.
Bedrock velocities ranging from 5.0 to 5.6 km/s under the projected location of the McHugh Complex along the model are not significantly different from those of the Valdez Group (Figure 7) . The projected location of the McHugh Complex, however, proved to be one of the most difficult areas in which to obtain agreement with observed travel times using the velocity-depth model shown in Figure 7 , owing to the sharp bend of the reflection line at krri 28. The assumption of a constant distance of 30 m between stations is least appropriate for this portion of the model, and there is strong evidence for a significant velocity anisotropy within the basement rocks in this location (see below).
The projected location of the Border Ranges fault corresponds to the northern truncation of the 5.0-5.6 km/s layer at km 42. North of the Border Ranges fault the model shows that the 2.0 km/s layer rests directly on rocks having velocities greater than 5.6 km/s. A dunite containing approximately 25'Y., serpentinite from near the base of the Tonsina ultramafic-mafic assemblage has a laboratory compressional wave velocity of 6.6 km/s at low pressure and room temperature (Table 2) . With increasing serpentinization, velocities in ultramafic rocks decrease to approximately 5.0 km/s for completely serpentinized peridotite [Christensen, 1982, pp. 144-191] . Thus the observed velocities in the Tonsina ultramaficmafic assemblage suggest appreciable serpentinization at depth. In addition, the velocities will be dependent upon the ratio of gabbro to ultramafic rocks in the complex.
Prominent
vertical offsets of the base of the 2.0 km/s layer in the Tonsina ultramafic-mafic assemblage and the Nelchina River Gabbronorite may either represent reactivated splay faults of the Border Ranges fault system or unrelated later faulting. We believe these offsets document reactivation of faults rather than the original motion, since the Border Ranges fault system is thought to have been most active in the late Mesozoic. The offset at km 57 is particularly prominent, showing 350 m of apparent vertical displacement on the base of the 2.0 km/s layer. This offset produces a large one-way travel time anomaly of close to 0.1 s, which exceeds the 0.025-s uncertainty of the travel times by a factor of 4. Although no laboratory rock velocities are available from the NeIchina River Gabbronorite, the high velocities in the model are consistent with those of other gabbros [Christensen, 1982, pp. 144-191] .
Where the Talkeetna Formation outcrops, the velocity model indicates a shallow layer having velocities between 5.1 and 5.7 km/s. Measured compressional wave velocities of an andesite breccia and a flow from the Talkeetna Formation at 10 MPa are 5.7 and 6.1 km/s, respectively (Table 2) . Because the andesite breccia is the more common lithology within the Talkeetna Formation, the laboratory measurements are compatible with the refraction velocities.
The most prominent structural boundary along the entire Chugach profile is the northward dipping offset at km 73. .. slightly in excess of 3 km/s. The Matanuska Formation is underlain by more indurated rocks having essentially the same lithology, which may explain the observed refraction velocity increase from 3.2 to 3.5 km/s within the basin. The interpretation of this entire section as moderately well lithified sedimentary rocks is consistent with the relatively poor propagation of compressional wave energy within the Copper River Basin.
Directly north of the offset at km 73.5, the 1.7-2.7 km/s layer may represent Paleocene and Eocene sediments shed northward during the uplift of the Chugach Mountains. These Paleocene and Eocene sediments, known as the Chickaloon Formation (an unconsolidated nonmarine conglomerate having shale and minor coal units), would have velocities appropriate for this layer of the model.
COMPARISO~TO A REGIO~AL REFRACTION MODEL
A primary objective of the TACT study is the determination of the crustal structure beneath the accreted terranes to Moho depths. Critical to this objective is the acquisition of regional refraction lines up to 240 km long. These lines, acquired using explosive sources at 20-to 30-km intervals and recorded by receivers spaced at l-km intervals, provide only a sparse sampling of the near-surface horizons. A comparison of the velocity models derived from the regional refraction line and the first-arrival analysis of the reflection data is presented in Figure 9 . This comparison is achieved by projecting the model of G. S. Fuis et al. (submitted manuscript, 1988 ) onto the crooked road followed by the Chugach reflection line.
The two different velocity models presented in Figure 9 exhibit many similarities. The regional refraction and reflection velocity models locate the southern boundary marking the thickest accumulation of sediments within the Copper River Basin at km 70 and 73.5, respectively.
The inferred Quaternary cover, while poorly constrained by the regional refraction survey, is thin for both models within the Chugach terrane, especially between km 8 and 30. The velocities of the basement rocks in the Valdez Group and the McHugh Complex range between 5.6 and 5.9 km/s for both models. Both models show a thin sediment cover over the Talkeetna Formation from km 65 to 69. In both models the velocities in the basement of the Talkeetna Formation are higher than those of the Valdez Group.
Both velocity models indicate that the Copper River Basin is floored by a thick section of rocks having velocities less than 5 km/s. These models are consistent with previous interpretations of gravity and magnetic anomaly data from the Copper River Basin [Andreasen el al., 1964] . The near-surface velocities in the Copper River Basin vary laterally in both models. There is, however, no structure in the regional refraction model resembling the not fully constrained V-shaped basin at km 97 in the reflection model.
We conclude that while the velocity model based on highresolution refraction data shows greater structural detail than does the model based on the regional refraction lines, the models show broad similarities. This agreement demonstrates that the regional refraction profiling provides useful constraints on the structure within the first few kilometers in depth and lends further support for the models for the lower crust derived from these regional refraction data. We plan to incorporate the more detailed model presented here into the regional refraction models to gain greater confidence in the lower crustal models. The Chugach reflection section exhibits reflections from the shallow crust (upper hundred meters). Because the base of the 1.2, 2.0, and 3.2 km/s layers in the velocity model may be strong reflectors, we have compared the Chugach reflection profile to a synthetic reflection section calculated from our velocity model. Comparison of the times predicted from a synthetic reflection section with the unmigrated Chugach seismic reflection section (Figure 10) shows that the reflection times predicted from the model in Figure 7 , assuming vertical incidence (not vertical propagation), generally agree with the observed reflection time to within 100 ms two-way travel time (twtt), which corresponds to a discrepancy in depth of less than 50 m for the 2.0 km/s layer. Since we did not attempt to model topography less than 50 m at the base of the 2.0 km/s layer, the agreement between the predicted and observed reflection times is within reasonable accuracy. The observed shoaling of reflections between km 8 and 29 (VP 3550 to 4300) is well matched by the synthetic travel times, as they are also between km 67 and 69 (VP 2150 and VP 2255) . The vertical offset of reflection times observed in the Chuga~h reflection section at km 57 (VP 2650) is seen in the refraction model, but the details of the observed profile are not resolved by the subset of the refraction data analyzed. Reflections from the base of the 1.2 km/s layer in the Copper River Basin (VP 1001 to VP 1650) are also fit by the refraction-based model. The transition within the Copper River Basin between the base of the 2.3-3.2 km/s layer and the top of the 3.5-4.4 km/s layer is also reflective (VP 1300 to VP 1650) and matches the predicted reflection times. Generally, however, few reflections stem from within the basin, suggesting that the sedimentary fill is either poorly bedded, poorly sorted, highly indurated, or highly deformed.
Another motivation for this study was to search for geological explanations for the lateral variations in the quality of The largest-amplitude near-vertical reflections from mid crustal depths of 5-9 s twtt on the Chugach seismic reflection section are located between km 8 and 38 [Fisher et al., this issueJ, where the thickness of the overlying 2.0 km/s layer is generally less than 200 m ( Figure 5 ). To the north ',nd south of this range interval the amplitudes of deep near-vertical reflections decay monotonically over a distance of about 8 km until they can no longer be observed. The thickening of the 1.1-1.3 km/s layer south of km 8 ( Figure 5 ) correlates with reduced amplitudes of midcrustal reflections. However, in this area, we believe that the amplitude reduction is most plausibly explained by the gradual loss of fold of the stacked section southward of km 8. Because the reflection spread was 15 km long on a side, we believe that the thickening of the 2.0 km/s layer north of km 30 best explains the apparent loss of deep crustal reflection events on the Chugach section north of km 38. Correlations of midcrustal to lower crustal reflector quality with variations in near-surface sediments in other localities [Stewart et al., 1986; E. R. Flueh, personal communication, 1987J suggest that the thickness of the 1.9~2.1 km/s layer controls the data quality of the near-vertical reflection section. Figure 11 for three mutually perpendicular propagation directions in a sample of Chugach phyllite. The lower velocities were measured normal to foliation, whereas the two dashed curves show velocities measured within the foliation plane. In Figure 12 the percent anisotropy has been calculated from the velocity curves of Figure 11 . At pressures above 0.20 GPa the anisotropy primarily originates from preferred mineral orientation within the phyllite. At lower pressures, microcracks oriented sub- parallel to the foliation also contribute to the anisotropy [Christensen, 1965] . Thus the initial rapid decrease in phyllite anisotropy with increasing pressure shown in Figure 12 originates from decreasing crack porosity. The Valdez Group between km 18 and 35 includes strongly folded rocks, whose fold axes strike E-W. Inasmuch as the slowest direction in the laboratory measurements is perpendicular to the bedding plane, the fastest velocities should be oriented E-W, and the slowest direction should be N-S. A fortuitous combination of the crooked geometry of the reflection line and the 15-km length of the reflection spread allowed us to determine whether a measureable velocity anisotropy exists within the near-surface Valdez Group rocks. As can be seen in Figure 1 , the reflection line bends sharply within the Valdez Group at km 28, where segments of the line have an orientation of ::t45°from north. Thus some sources on one side of the bend have some receivers on the other side. We therefore compared the velocities obtained along the road segments having a NE-SW orientation to those determined for purely N-S oriented paths. N-S paths were obtained by selection of appropriate source and receiver pairs for sources between km 19 and 35. Reduced travel times for these picks are plotted in Figure 13 . The travel times have been corrected for variations in the thickness of the 2.0 km/s layer, using thicknesses determined from Figure 7 . There also exists about 100 m topographic relief along this portion of the profile. An additional approximate correction for the IOO-m difference in elevation of the data from km 19 to km 24 was estimated assuming vertical propagation of the seismic energy at 5.0 km/s. The velocity obtained from these picks is 5.18 ::t 0.09 km/s without the correction for elevation variations and is 5.11 ::t 0.10 km/s with this correction. Thus elevation corrections lower the apparent velocity of energy propagating N-S.
The range of in situ refraction velocity estimates for N-S azimuths is consistent with a significant velocity anisotropy within the Chugach terrane. The N-S velocity, determined with corrections only for variations in the thickness of the uppermost sediments, is significantly lower than that determined for the NE-SW azimuth at ranges greater than 5 km. The NE-SW velocity at ranges greater than 5 km is essentially 6.0 km/s (Figure 13 ), corresponding to an anisotropy of 14%, which is reasonable considering an anisotropy less than 20% Mountains, plotted as a function of source-receiver offset. As described in the text, the N-S travel times have been corrected for variations in the thickness of the 2.0 km/s layer. A linear regression of these travel times indicates that the apparent velocity along these paths is 5.18 :t 0.09 km/s, significantly lower than the 6.0 km/s observed on NE-SW azimuths, indicating an anisotropy of 14°/".
would be expected for this orientation. The data in Figure 13 and our velocity model suggest that this anisotropy begins at a depth of 1 km within the Valdez Group, where the rocks are more competent and less fractured. Unlike the laboratory measurements of hand samples, the in situ measurements reported here show no anisotropy of the near-surface rocks, suggesting that these rocks contain large-scale fractures that obscure the anisotropy.
As regional-scale refraction profiling within the Chugach terrane has also determined a velocity anisotropy with the identical orientation (G. S. Fuis et a!., submitted manuscript, 1988), seismic experiments specifically designed to examine the anisotropy within the Valdez Group may be useful in refining these azimuthal and depth variations.
DISCUSSION
The most significant structural boundary interpreted from the velocity-depth model is the north dipping interface delineating the southern limit of the Copper River Basin at km 73.5 (Figure 7 ). The absence of mapped normal faults in this portion of the basin [Nichols and Yehle, 1969] suggests that vertical deformation along this interface is not active. For this reason, the interface at km 73.5, whose geometry suggests a throw of at least 1300 m, is inferred to be a relict (buried) normal fault juxtaposing sedimentary rocks in the Copper River Basin and the Talkeetna Formation. A 0.3-km vertical offset in the opposite sense located 15 km south at km 57 would appear to make a horst block out of the Talkeetna Formation (Figure 7) .
The Border Ranges fault is expressed in at least two ways. First, the Border Ranges fault zone is expressed at km 57 by a vertical offset. Second, the location of the Border Ranges fault is marked at km 42 by the juxtaposition of slower basement rocks within the McHugh Complex to the south against faster basement rocks of the Tonsina ultramafic-mafic assemblage to the north. The subsurface location of the Border Ranges fault closely matches the projection of the fault at km 42 shown in Figure I but not the offset at km 57. The offset at km 57 may thus reflect reactivation of a Border Ranges fault or an unrelated stage of later deformation.
The offset at km 57 lies about 2 km to the north of the projected location of the contact between the Tonsina ultramafic-mafic assemblage and the NeIchina River Gabbronorite, which is based on isolated outcrops located 4 to 5 km from the Chugach reflection profile [Plajker et al., this issue] . The up-to-the-north sense of motion on offset agrees with that of the Border Ranges fault in this area and elsewhere [Nokleberg et al., this issue] .
The Border Ranges fault zone requires no significant velocity anomaly to fit the observed travel times. This finding could mean either that the fault zone is thin or that the zone lacks a sizeable velocity contrast with the surrounding country rock. A wide (1-2 km) low-velocity fault zone, however, is inconsistent with the trqvel time modeling.
SUMMARY
A high-resolution refraction study of several thousand first arrivals on large-aperture reflection field records was undertaken to help place constraints on the structural relations of accreted terranes in southern Alaska. Travel times of the first arrivals were modeled using iterative two-dimensional ray tracing and resulted in a velocity depth model along the Chugach reflection line. Evidence of anisotropy in seismic velocity of 0.8 ::!:: 0.1 km/s in the Valdez Group was determined (14%) with the slow direction oriented N-S and the fast direction oriented NE-SW, in agreement with laboratory measurements of seismic velocities and field relations within the Valdez Group.
The actual anisotropy within the Valdez Group is likely to be higher in the E-W direction.
An inverse relation was noted between the quality of the deep seismic reflections and the thickness of the uppermost layer composed of alluvium and other unconsolidated Quaternary sediments. A thicker (more than 200 m thick) surficial layer was accompanied by larger-amplitude guided waves and lower-amplitude midcrustal reflections. While we are currently attempting to understand better the origin of this correlation, a possible explanation is that the combined effects of higher intrinsic attenuation, increased guided wave energy noise within the thicker surficial sediments, and random time shifts (statics) degraded the deep crustal reflection data relative to regions with less extensive sediment cover.
Finally, locations of contrasting basement velocities within the model correlate to projected contacts between distinct lithologies and/or formations. One such contact may mark the subsurface location of the Border Ranges fault, which has no expression in the Chugach reflection section. To the north, a reactivated splay of the Border Ranges fault system may be represented by a prominent 350-m vertical offset of the basement surface. The southern boundary between the sedimentary strata filling the Copper River Basin is defined by a north dipping interface between these low-velocity sedimentary units and the higher-velocity Lower Jurassic Talkeetna Formation.
We infer at least 1300 m of dip-slip motion along this interface.
We plan to extend this modeling to include reflections from the midcrust in order to learn whether accurate constraints on the geometry and velocity of the upper crust can be obtained in this manner. We also plan to reprocess the Chugach reflection profile in order to test the hypothesis that the unmuted guided wave energy significantly degraded the reflected energy from upper crustal depths.
The field parameters used for the acquisition of the Chugach reflection line allow us to develop a well-constrained velocity-depth model for the upper 1-2 km of the crust using first -arri val travel times. The close receiver spacing, large number of receivers, grouping of the receiver group arrays into point receivers, and sampling of the wave field near the source array permit us to resolve the structure of the Quater-A u t h o r ' s P e r s o n a l C o p y nary sediment cover in detail. This detail allows the preQuaternary crustal structure to be resolved with greater confidence than if the near-source portion of the wave field is not recorded. The field parameters employed thus provide an unusual capability to image crustal structure and should be considered for other study areas. 
